Postmortem fingernail and toenail specimens were utilized for the detection of cocaine analytes and opiates. Nail clippings were obtained from suspected overdoses and/or drug users. Nail clippings were washed with methanol and then solubilized in 0.1M potassium phosphate (pH 5.0). Analytes were isolated from the solubilized nails and methanolic washes by solid-phase or liquid-liquid extraction techniques. Quantitation was performed by gas chromatography-mass spectrometry. Clippings from each hand and foot were analyzed separately for comparison purposes. Concentrations of all the analytes were significantly higher in fingernails than in toenails. Cocaine analytes were detected in the nails of 15 cases with the following concentration ranges (ng/mg): cocaine (n = 15) 1.2-414.1; benzoylecgonine (n = 15) 1.4-170.3; ecgonine methyl ester (n = 14) 0.19-27.0; norcocaine (n = 12) 0.11-32.7; cocaethylene (n --2) 0.08-2.93. Opiates were detected in 17 cases with the following concentration ranges (ng/mg): morphine (n = 15) 0.05-407.9; 6-acetylmorphine (n = 15) 0.04-504.0; codeine (n = 9) 0.06-8.84; hydromorphone (n = 4) 0.02-0.45. Oxycodone and hydrocodone were each detected in one case. The extent of drug incorporation due to external contamination was evaluated by comparing the differences in the amount of drugs detected in fingernails and toenails, along with the corresponding washes of those nails. These results demonstrate the usefulness of nails as postmortem specimens in detecting drugs of abuse.
Introduction
Over the past several years, the use of nails to detect drugs of abuse has become increasingly popular. As with hair, drugs may remain in nails for an extended period of time, which can be useful in determining an individual's past drug exposure. Amphetamines, opiates, cocaine analytes, cannabinoids, and methadone are among the drugs that have been detected in nail clippings (1) (2) (3) (4) (5) (6) (7) (8) (9) . However, the amount of work conducted in this area is still limited. A major issue surrounding the interpretation of nail analysis is the route of drug incorporation into the nail matrix. Although there are different proposed mechanisms by which drugs can be incorporated via the blood stream (10, 11) , incorporation through external exposure also has to be considered. It is plausible that the degree of external contamination in toenails is considerably less than that of fingernails. This paper describes the difference in the amount of drugs of abuse detected in fingernails and toenails, with the corresponding washes of those nails, in order to evaluate the extent of drug incorporation due to external contamination. In addition, the data presented will expand upon the limited information currently available on nail analysis.
Methods

Chemicals and materials
Cocaine (COC), benzoylecgonine (BE), benzoylecgonine-d3, norcocaine (NCOC), ecgonine methyl ester (EME), and 6-acetylmorphine (6-AM) were obtained as analytical standards from Cerilliant (formerly Radian International, Austin, TX). Cocaethylene (CE), nalorphine hydrochloride, hydrocodone bitartrate (HDC), hydromorphone hydrochloride (HDM), oxycodone hydrochloride (OXY), morphine sulfate pentahydrate (MOR), and codeine (COD) were obtained from Sigma Chemical Co. (St. Louis, MO). N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) was obtained from Pierce Chemical Co. (Rockford, IL). Monobasic potassium phosphate, hydrochloric acid, sodium borate decahydrate, and ammonium hydroxide were obtained from MaUinckrodt Chemical (Paris, KY). Anhydrous potassium phosphate dibasic, anhydrous ammonium carbonate, boric acid, and all solvents were obtained from Fisher Scientific (Pittsburgh, PA). All solvents were high-performance liquid chromatography (HPLC) grade and all reagents were of analytical grade.
Phosphate buffers (0.1M, pH 5.0 and 6.0) were prepared by mixing 0.1M potassium phosphate monobasic and 0.1M potassium phosphate dibasic to obtain the appropriate pH. Borate buffer (0.05M, pH 8.9) was prepared by dissolving 19.07 g of sodium borate decahydrate in I L of deionized water and adjusting the pH to 8.9 with boric acid. The solid-phase extraction elution solvent methylene chloride/isopropanol/ammonium hydroxide (78:20:2, v/v) was prepared daily.
Subjects
Nail specimens were obtained postmortem at the Cuyahoga County Coroner's Office in Cleveland, Ohio. Approximately 3-5 mm of the unattached anterior portion of nails were removed, using cosmetic nail clippers, from subjects who had a history of drug abuse and/or were involved in drug-related homicides. Clippings were obtained from each hand and foot and stored separately in brown paper envelopes at room temperature. Nails were analyzed for cases in which the blood or urine results were positive for any of the analytes of interest. Control nails were obtained from laboratory personnel. 
Instrumentation
Drug identification was performed by GC-MS using a Hewlett-Packard model 5890 gas chromatograph (GC) interfaced with a model 5970 mass selective detector as previously described (8) .
Calibration curves and controls
Six-point calibration curves were constructed for COC analytes by spiking 20 mg of drug-free nails with 10, 25, 100, 200, 400, and 600 ng of COC, norcocaine, BE, EME, and CE in 3.0 mL of phosphate buffer (pH 5.0). Sixpoint calibration curves for opiates were constructed by spiking 100 mg of drug-free nails with 10, 25, 100, 200, 400, and 600 ng of MOR, 6-AM, COD, HDC, HDM, and OXY in 3.0 mL of pH 5.0 phosphate buffer. The linear range for all analytes was 0.1 to 60.0 ng on column.
Sample preparation and extraction
Cocaine analytes. Nails (20-30 rag) were placed in 13 • 100-ram culture tubes, washed, solublized, extracted, and analyzed as previously described (8) with the exception that the three methanolic washes were combined and analyzed as one sample.
Opiates. Nails (100-200 rag) were placed in 13 • 100-ram culture tubes, washed, solublized, and analyzed as previously described (8) with the exception that the three methanolic washes were combined and analyzed as one sample. The following extraction procedure was used.
After adding 3.0 mL of borate buffer to each sample, control, and methanolic wash, they were vortex mixed for 10 s and extracted with 5.0 mL of chloroforrn/isopropanol (9:1, v/v) by rotating them at approximately 10 rpm for 15 rain. The samples were then centrifuged at 3000 rpm for 10 rain. The aqueous layer was aspirated to waste, and the organic layer was transferred to 16-mL screw-cap tubes. Two milliliters of 0.5M HC1 was added to each tube, rotated (10 rpm) for 10 rain followed by centrifugation at 3000 rpm for 5 rain. The aqueous layer was transferred to a clean 16-mL screwcap tube. Powdered ammonium carbonate was added to the aqueous solution until the solution became saturated (pH 8.6). To each pH-adjusted tube, 5.0 mL of ethyl acetate/isopropanol (9:1) was added and the tubes were rotated at 10 rpm for 10 rain. After centrifugation for 5 rain at 3000 rpm, the organic layer was transferred to 16-mL disposable screw-capped centrifuge tubes. For gas chromatographic-mass spectrometric (GC-MS) analysis, each organic layer was evaporated to dryness under a stream of nitrogen at 50~ Fifty microliters of MSTFA was added to each tube to form the TMS derivatives. Each tube was sealed with a Teflon| cap, vortex mixed for 15 s, and placed into a 75~ heating block for 45 rain. After cooling to room temperature, 3 ~L of the prepared TMS derivatives were injected into the GC-MS.
Results
Cocaine analytes
Nails from 15 subjects were analyzed for COC, BE, EME, NCOC, and CE with the results summarized in Table I . The limit of quantitation for each analyte was 0.1 ng on column. COC and BE were the major analytes detected followed by EME and NCOC. Although analyte concentrations were not significantly different between the right and left side, fingernail concentrations were approximately 7-20 times greater than toenail levels (Table I) . CE was detected in the fingernails and toenails of two subjects. There was not any correlation between nail and blood concentrations. For instance, six cases in which the blood was negative for cocaine, the fingernail and toenail cocaine concentrations ranged from 6 to 400 ng/mg and I to 6 ng/mg, respectively.
The washes for each set of nails (n = 15) were also analyzed and the average wash/nail ratios are also listed in Table I . Two subjects had unusually high COC wash/nail ratios of 3.18 and 3.45 for the right hand. When these two data points are included, the wash/nail ratio for the right hand fingernails was four times greater than the left fingernails. Otherwise, as with the toenails, there was little difference between the right and left sides. For all analytes, the amount of drug detected in the nails was greater than the washes. The percentage of washes that were positive for each analyte is listed in Table II . As with the nails, COC and BE were the major analytes detected in the washes. The number of positive fingernail washes was much greater than that for the toenails. NCOC and CE were detected in fingernail washes only.
Opiates
Nails from 16 subjects were analyzed for MOR, 6-AM, COD, HDC, HDM, and OXY. The results obtained are summarized in Table I . The limit of quantitation for each analyte was 0.1 ng on column. The major analytes detected were 6-AM, MOR, and COD. As with the COC analyte results, the differences between the right and left sides were not significant. Fingernail concentrations were approximately 30 times greater than toenails for 6-AM and MOR, and COD concentrations did not differ significantly. HDM was only detected in two subjects, and OXY was detected in one. Similar to COC analytes, blood and nail concentrations did not correlate at all.
The average wash/nail ratios for the opiate analyses are also listed in Table I . As can be seen from these ratios, the concentration of opiates in the nails was significantly greater than the amount detected in the washes. The number of positive toenail washes was considerably lower than the number of positive fingernail washes (Table II) . For the one case that was positive for OXY, the fingernail and toenail washes were also positive.
Discussion
The detection of opiates and cocaine analytes in postmortem nail specimens has been previously documented (1--4,8) . The focus of this study was to determine the concentration of drugs in fingernails, toenails, and the corresponding washes in order to evaluate the role external contamination may have on nail analysis. The question arises whether one can accurately distinguish between drugs incorporated into these specimens from drug use or via external contamination, which may be significant in the case of fingernails. Intuitively, the extent of external contamination should be considerably less in toenails. If this were the case, then one would expect to observe higher wash/nail ratios for fingernails than toenails. The data presented suggest that this is only true for benzoylecgonine, where the mean fingernail/wash ratio was approximately 12 times that of the toenail/wash ratio. Cocaine, which may be trapped under the edge of fingernails, would most likely be hydrolyzed to benzoylecgonine via exposure to sweat and to water from individuals washing their hands. This could account for the higher amount of benzoylecgonine found in the fingernail washes. For all the other drugs in which there were enough positive results to make comparisons, the wash/nail ratios were very similar for the finger and toenails. Based on this, the finding that the percentage of positive fingernail washes was greater than the toenails is most likely due to the lower concentration of drugs present in the latter and that the wash procedure extracted drugs from within the nail matrix. If there was a high degree of external contamination, then wash/nail ratios would be expected to be greater as with benzoylecgonine. One cannot determine, however, the manner in which the drugs became incorporated into the nails.
Although the finding of cocaine metabolites in other biological matrices such as blood and urine would be indicative of drug use, this may not be the case with nails. Cocaine may undergo non-enzymatic hydrolysis to benzoylecgonine. Thus, it may not be possible to determine whether these drugs are incorporated into the nail via the blood stream from drug use or by adsorption from external contamination. The presence of other cocaine metabolites, such as norcocaine and cocaethylene, in the nails may permit one to make this distinction. Although cocaethylene was not detected in enough specimens to make an accurate evaluation, norcocaine was detected in most of the cocaine positive nail specimens. Kumar et al. (12) reported an average norcocaine/cocaine ratio in illicit cocaine of 0.0054, and another study found the ratio to range from 0.00079 to 0.0012 (13) . In this study, the average fingernail and toenail ratios were 0.035 (n = 23) and 0.047 (n = 12), respectively. These values are an order of magnitude greater than that determined for illicit cocaine. Thus, norcocaine may be a useful analyte in nail analysis for distinguishing between drug use and external contamination.
A similar problem arises when evaluating the opiate results. Although 6-acetylmorphine and morphine were detected in finger and toenails, one cannot determine whether they originated from heroin that was handled externally or through drug use. Like cocaine, heroin may also undergo non-enzymatic hydrolysis with the end products being 6-acetylmorphine and morphine. The morphine-glucuronides, which are only formed enzymaticatly, may be metabolites which could help make this distinction. However, they were not evaluated in this study.
Although adsorption of opiates and cocaine analytes into the nail matrix through external contamination resulting from the handling of heroin and cocaine cannot be ruled out, the data presented here suggest that this is not a significant route of drug incorporation into nails. First, the detection of the drugs in toenails would indicate that the major route of drug incorporation is via the blood stream or from sweat. In general, toenails are not exposed to drug residues and drug vapors as fingernails would be. Secondly, the similar wash/nail ratios for finger and toenails (excluding benzoylecgonine) suggests that external contamination is not a significant factor. The greater concentration of drugs detected in fingernails may be due to differences in the blood supply to the nail bed and rate of nail growth. Third, the higher norcocaine/cocaine ratio determined in nails supports drug incorporation after enzymatic metabolism.
In the present study, nail analysis was performed only when the corresponding blood and/or urine toxicology results were positive for any of the drugs of interest. There was only one instance of drugs not being detected in either the fingernails and/or toenails when the routine toxicology results were positive. For this case, the blood morphine level was 522 ng/mL. Although it cannot be substantiated because of the design of this study, it has been reported that nail analysis can greatly increase the detection time of cocaine use over conventional postmortem blood and urine analysis (1) . Whether this will hold true for other drugs has yet to be determined. Postmortem nail analysis appears to be useful in determining past drug use, but not in cause of death determinations because of the lack of correlation between the blood and nail concentrations.
